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Introduction
At 700-800°C, the operating temperatures of intermediate temperature (IT-) SOFCs have enabled the use of stainless steels in the SOFC framework and current collectors, allowing significant reductions in cost. However, the lower operating temperatures of IT-SOFC's also result in significant decreases in power densities of cells with LSM cathodes due to their high activation energies. LSCF is a mixed ionicelectronic conducting perovskite that exhibits higher performance than LSM/YSZ composites and shows potential as a replacement cathode 1; 2 . This study investigates the effect of A-site stoichiometry on the performance of LSCF cathodes.
Cell Preparation
(La 0.6 Sr 0.4 ) 1-x Co 0.2 Fe 0.8 O 3-δ and La 0.6 Sr 0.4-x Co 0.2 Fe 0.8 O 3-δ (x = 0, 0.02, 0.05, 0.10 in both cases) powders from Fuel Cell Materials (FCM, Lewis Center, OH) were attrition milled to reduce the average particle size to between 0.35-0.40 microns. All cathode inks were made using Heraeus V-006 binder at 40% solids loading and mixed in a three roll mill. LSCF cathodes with an area of 2 cm 2 were screen printed onto anode supported NiO/YSZ substrates with a barrier layer consisting of Sm 0.2 Ce 0.8 O 1.9 (samariumdoped ceria, SDC, Praxair Specialty Ceramics) previously sintered at 1200°C for 2 hours. The LSCF cathodes were sintered at 1100°C for 2 hours. La 0.8 Sr 0.2 CoO 3 (LSC) prepared using the glycine-nitrate process 3 was screen printed onto the LSCF surface and embedded with Au gauze for cathode current collection. NiO grids with embedded Ni gauze were used as current collectors for the anode.
Each cell was glass sealed to an alumina tube test stand and tested at 750°C. Hydrogen with 3% H 2 O was supplied to the anode at 200 sccm while air or O2 flowed to the cathode at 400 sccm. I-V and impedance spectra were recorded using a Solartron 1470 Multistat in conjunction with a Solartron 1255B frequency response analyzer. After testing, the fuel cells were cross-sectioned for scanning electron microscopy (SEM) (JEOLJSM-5900LV) and energy dispersive x-ray spectroscopy (EDS).
Cell Testing
Cells were tested under constant current conditions in air for 900-1000 hours with impedance spectroscopy performed every 25-100 hours. First, tests were carried out at the current that corresponded to an operating voltage of 800mV. Then, additional cells were tested at 1.937A, which was the average current generated at 800 mV at start up of all cells tested to that point in the study. A third test was conducted at 1.937A in oxygen using cells with (La 0.6 Sr 0.4 ) 0.98 Co 0.2 Fe 0.8 O 3-δ cathodes.
If identical SOFC substrates, on which the cathodes are deposited, were tested at the same constant current and temperature in the same fuel gas environment (fuel composition and flow rates), it could be assumed that the anode's contribution to polarization for each of the cells would be the same. Therefore, any difference in total cell impedance could be attributed to the cathode layer and its interaction with the barrier and electrolyte layers. This method provides a way to compare the performance and stability of various cathode materials against each other by minimizing differences due to anode impedance contributions. In addition, cells tested in oxygen under the same conditions used for tests performed in air would lower the cathode polarization as much as possible and give an indication of the highest possible anode polarization contribution towards the total cell electrode polarization of the tests in air. Figure 1 shows the power density as a function of time for 4 series of tests in air on the 7 LSCF cathode compositions, two at currents corresponding to 800mV and two at 1.937A. The power density of two LSCF cells tested in oxygen, one which had the lowest polarization resistance, and one which showed the least degradation, is also included. Cells using LSCF with A-Site and Sr-deficiencies demonstrated significantly higher performance in both conditions than stoichiometric LSCF cells. However, while performing better than stoichiometric LSCF cells, cells with 10% Sr-deficient LSCF cathodes performed significantly lower on average than those with other A-site and Sr-deficient compositions. Other than this, no consistent trend in performance with A-site stoichiometry could be concluded from the results. With the exception of the 10% Sr-deficient LSCF, it appears as though the effects on cell performance are masked by experimental uncertainty. In spite of this, it was obvious that A-site deficiency is beneficial for LSCF cathodes.
Cell Performance
Electrode polarization losses were calculated by subtracting the ohmic loss from the total cell resistances measured in impedance scans. Figures 2 and 3 show the ohmic and polarization loses of each LSCF composition tested at ~800 mV(a) and 1.937A (b) respectively. It can be seen that the cell ohmic and polarization resistances generally fall in the same range with no consistent trend with A-site stoichiometry. The two cells tested in oxygen show consistent low electrode polarization resistances which place an upper bound on the anode polarization contribution at ~0.065 ohms based on the discussion above. Figure 4 shows the degradation rates of the various cathodes when tested at 800 mV and 1.937A as calculated from curve fitting the cell performance. Initial degradation rates were very high (>20%/1000 hours) for all compositions and declined over time. After 900-1000 hours, the degradation rates were all between 2 and 6%/1000 hours. As with power density, there was no consistent trend between cathode composition and degradation rate. The two cells tested in oxygen were also included to illustrate the upper bound of the contribution of the anode to the total degradation of the cells. It is also noteworthy that the initial degradation rates of both cells tested in oxygen were lower than those of all cells that were tested in air. Figure 5 shows back-scattered electron SEM images of polished cross-sections of a 2% A-site deficient and a 2% Sr-deficient LSCF cathode. The cathode microstructures seen in Figure 5 are typical of the cathode compositions tested. Strontium is seen at the interface between the SDC and YSZ layers, where it is known to form insulating SrZrO 3 . Part of the increase in ohmic resistance of the cells during operation may be caused by the diffusion of strontium to the YSZ surface 4 . Figure 6 is an elemental map showing Co distribution in a cross sectional area of 10% Sr deficient tested cathode. Regions of concentrated cobalt were found in the cathode while maps of other cathode elements appeared to be homogeneous. This Co segregation could, in part, account for the fact that the power density of 10% Sr deficient cells was lower on average than the power density of cells with the other compositions. Figure 7 shows the migration of Sr through the barrier layer where it reacted with the YSZ electrolyte, while Figure 8 illustrates the locations where EDS analysis was performed on the electrolyte. It can be seen that increasing A-Site and Sr vacancies in LSCF generally resulted in a decrease in the amount of Sr which migrated through the barrier layer and into the YSZ electrolyte.
Cathode Stability

Conclusion
Cell tests showed that A-site and Sr-deficient LSCF cathodes consistently outperformed stoichiometric LSCF cathodes, exhibiting up to 10% higher cell power densities . It was also observed that all stoichiometric, A-site, and Sr-deficient LSCF cathodes degraded over time at similar rates. Contributions of ohmic and electrode polarization losses to cell degradation rates were similar regardless of cathode composition. 
